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In a wireless system, a method and system for channel esti-
mation 1n a single channel MIMO system comprising two-
transmit and multiple-recerve antennas for WCDMA/HS-
DPA are provided. A first recerve antenna and at least one
additional receive antenna may receive a plurality of SC
communication signals transmitted from a first and an addi-
tional transmit antennas. Estimates of the propagation chan-
nels between transmit and receive antennas may be per-
formed concurrently and may be determined from a baseband
combined channel estimate. The integration time may be
based on channel estimation accuracy and wireless modem
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channel orthogonality. The rotation waveform’s amplitude
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2
FIELD OF THE INVENTION

Certain embodiments of the invention relate to the process-
ing of wireless communication signals. More specifically,
certain embodiments of the invention relate to a method and
system for channel estimation 1n a single channel (SC) mul-
tiple-input-multiple-output IMIMO) system comprising two-
transmit (2-Tx) and multiple-recerve (M-Rx) antennas for
WCDMA/HSDPA.

BACKGROUND OF THE INVENTION

Mobile communications has changed the way people com-
municate and mobile phones have been transiformed from a
luxury 1tem to an essential part of every day life. The use of
mobile phones 1s today dictated by social situations, rather
than hampered by location or technology. While voice con-
nections fulfill the basic need to communicate, and mobile
voice connections continue to filter even further into the fab-
ric of every day life, the mobile Internet 1s the next step in the
mobile communication revolution. The mobile Internet 1s
poised to become a common source of everyday information,
and easy, versatile mobile access to this data will be taken for
granted.

Third generation (3G) cellular networks have been specifi-
cally designed to fulfill these future demands of the mobile
Internet. As these services grow in popularity and usage,
factors such as cost efficient optimization of network capacity
and quality of service (QoS) will become even more essential
to cellular operators than it 1s today. These factors may be
achieved with careful network planning and operation,
improvements 1n transmission methods, and advances 1n
receiver techniques. To this end, carriers need technologies
that will allow them to increase downlink throughput and, in
turn, offer advanced QoS capabilities and speeds that rival
those delivered by cable modem and/or DSL service provid-
ers. In this regard, networks based on wideband CDMA
(WCDMA) technology may make the delivery of data to end
users a more feasible option for today’s wireless carriers.

FIG. 1A 1s a technology timeline indicating evolution of
existing WCDMA specification to provide increased down-
link throughput. Referring to FIG. 1A, there 1s shown data
rate spaces occupied by various wireless technologies,
including General Packet Radio Service (GPRS) 100,
Enhanced Data rates for GSM (Global System for Mobile
communications) Evolution (EDGE) 102, Universal Mobile
Telecommunications System (UMTS) 104, and High Speed
Downlink Packet Access (HSDPA) 106.

The GPRS and EDGE technologies may be utilized for
enhancing the data throughput of present second generation
(2G) systems such as GSM. The GSM technology may sup-
port data rates of up to 14.4 kilobits per second (Kbps), while
the GPRS technology, introduced 1n 2001, may support data
rates of up to 115 Kbps by allowing up to 8 data time slots per
time division multiple access (TDMA) frame. The GSM tech-
nology, by contrast, may allow one data time slot per TDMA
frame. The EDGE technology, introduced in 2003, may sup-
port data rates of up to 384 Kbps. The EDGE technology may
utilizes 8 phase shift keying (8-PSK) modulation for provid-
ing higher data rates than those that may be achieved by
GPRS technology. The GPRS and EDGE technologies may
be referred to as “2.5G” technologies.

The UMTS technology, introduced 1n 2003, with theoreti-
cal data rates as high as 2 Mbps, 1s an adaptation of the
WCDMA 3G system by GSM. One reason for the high data
rates that may be achieved by UMTS technology stems from
the S MHz WCDMA channel bandwidths versus the 200 KHz
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GSM channel bandwidths. The HSDPA technology 1s an
Internet protocol (IP) based service, oriented for data com-
munications, which adapts WCDMA to support data transier
rates on the order of 10 megabits per second (Mbits/s ). Devel-
oped by the 3G Partnership Project (3GPP) group, the
HSDPA technology achieves higher data rates through a plu-
rality of methods. For example, many transmission decisions
may be made at the base station level, which 1s much closer to

the user equipment as opposed to being made at a mobile
switching center or office. These may include decisions about
the scheduling of data to be transmitted, when data 1s to be
retransmitted, and assessments about the quality of the trans-
mission channel. The HSDPA technology may also utilize
variable coding rates. The HSDPA technology may also sup-
port 16-level quadrature amplitude modulation (16-QAM)
over a high-speed downlink shared channel (HS-DSCH),
which permits a plurality of users to share an air interface
channel

In some instances, HSDPA may provide a two-fold
improvement 1n network capacity as well as data speeds up to
five times (over 10 Mbit/s) higher than those 1n even the most
advanced 3G networks. HSDPA may also shorten the
roundtrip time between network and terminal, while reducing,
variances 1 downlink transmission delay. These perfor-
mance advances may translate directly into improved net-
work performance and higher subscriber satisfaction. Since
HSDPA 1s an extension of the GSM family, 1t also builds
directly on the economies of scale offered by the world’s most
popular mobile technology. HSDPA may offer breakthrough
advances 1n WCDMA network packet data capacity,
enhanced spectral and radio access networks (RAN) hard-
ware elliciencies, and streamlined network implementations.
Those improvements may directly translate into lower cost-
per-bit, faster and more available services, and a network that
1s positioned to compete more effectively 1 the data-centric
markets of the future.

The capacity, quality and cost/performance advantages of
HSDPA vyield measurable benefits for network operators, and,
in turn, their subscribers. For operators, this backwards-com-
patible upgrade to current WCDMA networks 1s a logical and
cost-elficient next step 1n network evolution. When deployed,
HSDPA may co-exist on the same carrier as the current
WCDMA Release 99 services, allowing operators to 1ntro-
duce greater capacity and higher data speeds into existing
WCDMA networks. Operators may leverage this solution to
support a considerably higher number of high data rate users
on a single radio carrier. HSDPA makes true mass-market
mobile IP multimedia possible and will drive the consump-
tion of data-heavy services while at the same time reducing,
the cost-per-bit of service delivery, thus boosting both rev-
enue and bottom-line network profits. For data-hungry
mobile subscribers, the performance advantages of HSDPA
may translate into shorter service response times, less delay
and faster percerved connections. Users may also download
packet-data over HSDPA while conducting a simultaneous
speech call.

HSDPA may provide a number of significant performance
improvements when compared to previous or alternative
technologies. For example, HSDPA extends the WCDMA bit
rates up to 10 Mbps, achieving higher theoretical peak rates
with higher-order modulation (16-QAM) and with adaptive
coding and modulation schemes. The maximum QPSK bit
rate 1s 5.3 Mbait/s and 10.7 Mbit/s with 16-QAM. Theoretical
bit rates ol up to 14.4 Mbit/s may be achieved with no channel
coding. The terminal capability classes range from 900 kbit/s

to 1.8 Mbat/s with QPSK modulation, and 3.6 Mbit/s and up

10

15

20

25

30

35

40

45

50

55

60

65

4

with 16-QAM modulation. The highest capability class sup-
ports the maximum theoretical bit rate of 14.4 Mbat/s.

However, implementing advanced wireless technologies
such as WCDMA and/or HSDPA may still require overcom-
ing some architectural hurdles. For example, the RAKE
receiver 1s the most commonly used receiver in CDMA sys-
tems, mainly due to its simplicity and reasonable perfor-
mance and WCDMA Release 99 networks are designed so
that RAKE receivers may be used. A RAKE receiver contains
a bank of spreading sequence correlators, each receiving an
individual multipath. A RAKE receiver operates on multiple
discrete paths. The received multipath signals may be com-
bined in several ways, from which maximum ratio combining
(MRC) 1s preferred 1n a coherent receiver. However, a RAKE
receiver may be suboptimal 1n many practical systems, for
example, 1ts performance may degrade from multiple access
interference (MAI), that 1s, interference imnduced by other
users 1n the network.

In the case of a WCDMA downlink, MAI may result {from
inter-cell and intracell interference. The signals from neigh-
boring base stations compose intercell interference, which 1s
characterized by scrambling codes, channels and angles of
arrivals different from the desired base station signal. Spatial
equalization may be utilized to suppress inter-cell interfer-
ence. In a synchronous downlink application, employing
orthogonal spreading codes, 1ntra-cell interference may be
caused by multipath propagation. Due to the non-zero cross-
correlation between spreading sequences with arbitrary time
shifts, there i1s interference between propagation paths (or
RAKE fingers) after despreading, causing MAI. The level of
intra-cell interference depends strongly on the channel
response. In nearly flat fading channels, the physical channels
remain almost completely orthogonal and intra-cell interfer-
ence does not have any significant impact on the recerver
performance. On the other hand, the performance of the
RAKE recetver may be severely deteriorated by intra-cell
interference in frequency selective channels. Frequency
selectivity 1s common for the channels in WCDMA networks.

Due to the difficulties faced when non-linear channel
equalizers are applied to the WCDMA downlink, detection of
the desired physical channel with a non-linear equalizer may
result in implementing an interference canceller or optimal
multi-user receiver. Both types of receivers may be prohibi-
tively complex for mobile terminals and may require infor-
mation not readily available at the mobile terminal. Alterna-
tively, the total base station signal may be considered as the
desired signal. However, non-linear equalizers rely on prior
knowledge of the constellation of the desired signal, and this
information 1s not readily available at the WCDMA terminal.
The constellation of the total base station signal, that 1s, sum
of all physical channels, 1s a high order quadrature amplitude
modulation (QAM) constellation with uneven spacing. The
spacing of the constellation changes constantly due to trans-
mission power control (TPC) and possible power oflsets
between the control data fields, time-multiplexed to the dedi-
cated physical channels. The constellation order may also
frequently change due to discontinuous transmission. This
makes an accurate estimation of the constellation very ditfi-
cult.

In this regard, the use of multiple transmit and/or receive
antennas may result 1 an improved overall system perfor-
mance. These multi-antenna configurations, also known as
smart antenna techniques, may be utilized to mitigate the
negative eflects of multipath and/or signal interference on
signal reception. It 1s anticipated that smart antenna tech-
niques may be increasingly utilized both 1n connection with
the deployment of base station infrastructure and mobile sub-
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scriber units 1n cellular systems to address the increasing
capacity demands being placed on those systems. These
demands arise, in part, from a shift underway from current
volice-based services to next-generation wireless multimedia
services that provide voice, video, and data communication.

The utilization of multiple transmit and/or recerve antennas
1s designed to introduce a diversity gain and to suppress
interference generated within the signal reception process.
Such diversity gains improve system performance by increas-
ing received signal-to-noise ratio, by providing more robust-
ness against signal interference, and/or by permitting greater
frequency reuse for higher capacity. In communication sys-
tems that incorporate multi-antenna receivers, a set of M
receive antennas may be utilized to null the effect of (M-1)
interferers, for example. Accordingly, N signals may be
simultaneously transmitted 1n the same bandwidth using N
transmit antennas, with the transmitted signal then being
separated mto N respective signals by way of a set of N
antennas deployed at the receiver. Systems that utilize mul-
tiple transmit and receive antennas may be referred to as
multiple-input multiple-output (MIMO) systems. One attrac-
tive aspect of multi-antenna systems, in particular MIMO
systems, 1s the significant increase in system capacity that
may be achieved by utilizing these transmission configura-
tions. For a fixed overall transmitted power, the capacity
offered by a MIMO configuration may scale with the
increased signal-to-noise ratio (SNR). For example, in the
case of fading multipath channels, a MIMO configuration
may increase system capacity by nearly M additional bits/
cycle for each 3-dB increase in SNR.

However, the widespread deployment of multi-antenna
systems 1n wireless communications, particularly in wireless
handset devices, has been limited by the increased cost that
results from increased size, complexity, and power consump-
tion. Providing separate RF chain for each transmit and
receive antenna 1s a direct factor that increases the cost of
multi-antenna systems. Each RF chain generally comprises a
low noise amplifier (LNA), a filter, a downconverter, and an
analog-to-digital converter (A/D). In certain existing single-

antenna wireless recervers, the single required RF chain may
account for over 30% of the recerver’s total cost. It 1s therefore
apparent that as the number of transmit and receive antennas
increases, the system complexity, power consumption, and
overall cost may increase. This poses problems for mobile
system designs and applications.

Further limitations and disadvantages of conventional and
traditional approaches will become apparent to one of skill in
the art, through comparison of such systems with some
aspects of the present invention as set forth in the remainder of
the present application with reference to the drawings.

BRIEF SUMMARY OF THE INVENTION

A method and/or system for channel estimation 1n a single
channel (SC) multiple-input-multiple-output (MIMQO) sys-
tem comprising two-transmit (2-1x) and multiple-receive

(M-Rx) antennas for WCDMA/HSDPA, substantially as
shown 1n and/or described 1in connection with at least one of

the figures, as set forth more completely in the claims.

These and other advantages, aspects and novel features of
the present invention, as well as details of an illustrated
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embodiment thereof, will be more fully understood from the
following description and drawings.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF
THE DRAWINGS

FIG. 1A 1s a technology timeline indicating evolution of
existing WCDMA specification to provide increased down-
link throughput.

FIG. 1B illustrates an exemplary HSDPA distributed archi-
tecture that achieves low delay link adaptation, 1n connection
with an embodiment of the invention.

FIG. 1C 1illustrates an exemplary Layer 1 HARQ control
situated 1n a base station to remove retransmission-related
scheduling and storing from the radio network controller, 1n
connection with an embodiment of the mnvention.

FIG. 1D 1s a chart illustrating exemplary average carried
loads for HSDPA-based macrocell and microcell systems, 1n
connection with an embodiment of the invention.

FIG. 2A 1s a block diagram of an exemplary two-transmit
(2-Tx) and two-receive (2-Rx) antennas wireless communi-
cation system with receiver channel estimation, in accor-
dance with an embodiment of the invention.

FIG. 2B 1s a block diagram of an exemplary two-transmit
(2-Tx) and multiple-recerve (M-Rx) antennas wireless com-
munication system with recerver channel estimation, in
accordance with an embodiment of the invention.

FIG. 3A 1s a flow diagram 1llustrating exemplary steps for
channel estimation 1 a 2-Tx and M-Rx antennas wireless
communication system, in accordance with an embodiment
of the mvention.

FIG. 3B illustrates an exemplary periodic phase rotation
for an in-phase (I) signal receirved in one of the additional
recetve antennas, 1n accordance with an embodiment of the
invention.

FIG. 4A 1s a block diagram of an exemplary single weight
baseband generator (SWBBG) that may be utilized 1n a 2-Tx
and 2-Rx antennas system, in accordance with an embodi-
ment of the mvention.

FIG. 4B 1s a block diagram of an exemplary single weight
baseband generator (SWBBG) that may be utilized 1n a 2-Tx
and M-Rx antennas system, 1n accordance with an embodi-
ment of the mvention.

FIG. 4C 1s a block diagram of an exemplary RF phase and
amplitude controller, in accordance with an embodiment of
the mvention.

FIG. 5 1s a flow diagram 1illustrating exemplary steps in the
operation of the single weight baseband generator (SWBBG)
that may be utilized for channel estimation in a 2-Tx and
M-Rx antennas system, in accordance with an embodiment of
the invention.

FIG. 6 1s a block diagram of an exemplary channel estima-
tor for a 2-Tx and 2-Rx antennas system, 1n accordance with
an embodiment of the invention.

FIG. 7 1s a flow diagram 1llustrating exemplary steps for
channel estimation based on complex multiplication and inte-
gration of a first and second baseband combined channel
estimates, 1n accordance with an embodiment of the inven-
tion.

DETAILED DESCRIPTION OF THE INVENTION

Certain embodiments of the invention may be found in a
method and system for channel estimation in a single channel
(SC) multiple-input-multiple-output (MIMO) system com-
prising two-transmit (2-Tx) and multiple-recerve (M-Rx)
antennas for WCDMA/HSDPA. A first receive antenna and at
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least one additional recerve antenna may recetve a plurality of
SC communication signals transmitted from a first and an
additional transmit antennas. Estimates of the propagation
channels between transmit and receive antennas may be per-
formed concurrently and may be determined from a baseband
combined channel estimate. The integration time may be
based on channel estimation accuracy and wireless modem
performance. The signals received 1n the additional receive
antennas may be multiplied by arotation wavetform to achieve
channel orthogonality. The rotation waveform’s amplitude
and phase components may be modified based on the channel
estimates. Rotation of the received signals in the additional
receive antennas may be continuous or periodic. The method
and system described may provide a fast and cost effective
approach to concurrently determine propagation channel esti-
mates 1n a 2-Tx and M-Rx antennas wireless communication
system for WCDMA/HSDPA. The channel estimation
approach described herein may be applied to single weight
antenna methods, for example.

FI1G. 1B 1llustrates an exemplary HSDPA distributed archi-
tecture that achieves low delay link adaptation, in connection
with an embodiment of the invention. Referring to FIG. 1B,
there 1s shown terminals 110 and 112 and a base station (BS)
114. HSDPA 1s built on a distributed architecture that
achieves low delay link adaptation by placing key processing
at the BS 114 and thus closer to the air interface as 1llustrated.
Accordingly, the MAC layer at the BS 114 1s moved from
Layer 2 to Layer 1, which implies that the systems may
respond 1n a much faster manner with data access. Fast link
adaptation methods, which are generally well established
within existing GSM/EDGE standards, include fast physical
layer (IL1) retransmission combining and link adaptation
techniques. These technmiques may deliver significantly
improved packet data throughput performance between the
mobile terminals 110 and 112 and the BS 114.

The HSDPA technology employs several important new
technological advances. Some of these may comprise sched-
uling for the downlink packet data operation at the BS 114,
higher order modulation, adaptive modulation and coding,
hybrid automatic repeat request (HARQ), physical layer
feedback of the instantaneous channel condition, and a new
transport channel type known as high-speed downlink shared
channel (HS-DSCH) that allows several users to share the air
interface channel. When deployed, HSDPA may co-exist on
the same carrier as the current WCDMA and UMTS services,
allowing operators to introduce greater capacity and higher
data speeds into existing WCDMA networks. HSDPA
replaces the basic features of WCDMA, such as variable
spreading factor and fast power control, with adaptive modu-
lation and coding, extensive multicode operation, and fast and
spectrally efficient retransmission strategies.

In current-generation WCDMA networks, power control
dynamics are on the order of 20 dB 1n the downlink and 70 dB
in the uplink. WCDMA downlink power control dynamics
are limited by potential interference between users on parallel
code channels and by the nature of WCDMA base station
implementations. For WCDMA users close to the base sta-
tion, power control may not reduce power optimally, and
reducing power beyond the 20 dB may therefore have only a
marginal impact on capacity. HSDPA, for example, utilizes
advanced link adaptation and adaptive modulation and cod-
ing (AMC) to ensure all users enjoy the highest possible data
rate. AMC therefore adapts the modulation scheme and cod-
ing to the quality of the appropnate radio link.

FIG. 1C illustrates an exemplary Layer 1 HARQ control
situated 1n a base station to remove retransmission-related
scheduling and storing from the radio network controller, 1n
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connection with an embodiment of the invention. Referring to
FIG. 1C, there 1s shown a hybrid automatic repeat request
(HARQ) operation, which 1s an operation designed to reduce
the delay and increase the efficiency of retransmissions.
Layer 1 HARQ control 1s situated 1n the Node B, or base
station (BS), 122 thus removing retransmission-related
scheduling and storing from the radio network controller
(RNC) 120. This HARQ approach avoids hub delay and
measurably reduces the resulting retransmission delay.

For example, when a link error occurs, due to signal inter-
terence or other causes, a mobile terminal 124 may request
the retransmission of the data packets. While current-genera-
tion WCDMA networks handle those retransmission requests
through the radio network controller 120, HSDPA retrans-
mission requests are managed at the base station 122. Fur-
thermore, received packets are combined at the physical
(PHY) layer and retrieved only i1 successiully decoded. It
decoding has failed, the new transmission 1s combined with
the old transmission before channel decoding. The HSDPA
approach allows previously transmitted frames (that failed to
be decoded) to be combined with the retransmission. This
combining strategy provides improved decoding eificiencies
and diversity gains while minimizing the need for additional
repeat requests.

While the spreading factor may be fixed, the coding rate
may vary between %4 and ¥4, and the HSDPA specification
supports the use of up to 10 multicodes. More robust coding,
fast HARQ), and multi-code operation eliminates the need for
variable spreading factor and also allows for more advanced
receiver structures in the mobile such as equalizers as
apposed to the traditional RAKE receiwver used in most
CDMA systems. This approach may also allow users having
good signal quality or higher coding rates and those at the
more distant edge of the cell having lower coding rates to each
receive an optimum available data rate.

By moving data tratfic scheduling to the base station 122,
and thus closer to the air interface, and by using information
about channel quality, terminal capabilities, QoS, and power/
code availability, HSDPA may achieve more efficient sched-
uling of data packet transmissions. Moving these intelligent
network operations to the base station 122 allows the system
to take full advantage of short-term variations, and thus to
speed and simplily the critical transmission scheduling pro-
cess. The HSDPA approach may, for example, manage sched-
uling to track the fast fading of the users and when conditions
are Tavorable to allocate most of the cell capacity to a single
user for a very short period of time. At the base station 122,
HSDPA gathers and utilizes estimates of the channel quality
of each active user. This feedback provides current informa-
tion on a wide range ol channel physical layer conditions,
including power control, ACK/NACK ratio, QoS, and
HSDPA -specific user feedback.

While WCDMA Release 99 or WCDMA Release 4 may
support a downlink channel (DCH) or a downlink shared
channel (DSCH), the HSDPA operation provided by
WCDMA Release S may be carried on a high-speed downlink
shared channel (HS-DSCH). This higher-speed approach
uses a 2-ms terval frame length (also known as time trans-
mit interval), compared to DSCH frame lengths of 10, 20, 40
or 80 ms. DSCH utilizes a variable spreading factor of 4 to
256 chips while HS-DSCH may utilize a fixed spreading
factor of 16 with a maximum of 15 codes. HS-DSCH may
support 16-level quadrature amplitude modulation
(16-QAM), link adaptation, and the combining of retransmis-
sions at the physical layer with HAR(Q. HSDPA also lever-
ages a high-speed shared control channel (HS-SCCH) to
carry the required modulation and retransmission iforma-
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tion. An uplink high-speed dedicated physical control chan-
nel (HS-DPCCH) carrnies ARQ acknowledgements, downlink
quality feedback and other necessary control information on
the uplink.

FIG. 1D 1s a chart illustrating exemplary average carried
loads for HSDPA-based macrocell and microcell systems, 1n
connection with an embodiment of the invention. Referring to
the chart 130 1n FIG. 1D, 1n practical deployments, HSDPA
more than doubles the achievable peak user bit rates com-
pared to WCDMA Release 99. With bit rates that are compa-
rable to DSL modem rates, HS-DSCH may deliver user bit
rates 134 1n large macrocell environments exceeding
1 Mbit/s, and rates 140 1n small microcells up to S Mbit/s. The
HSDPA approach supports both non-real-time UMTS QoS
classes and real-time UMTS QoS classes with guaranteed bit
rates.

Cell throughput, defined as the total number of bits per
second transmitted to users through a single cell, increases
100% with HSDPA when compared to the WCDMA Release
99. This 1s because HSDPA’s use of HARQ combines packet
retransmission with the earlier transmission, and thus no
transmissions are wasted. Higher order modulation schemes,
such as 16-QAM, enable higher bit rates than QPSK-only
modulation in WCDMA Release 99, even when the same
orthogonal codes are used in both systems. The highest
throughput may be obtained with low inter-path interference
and low inter-cell interference conditions. In microcell
designs, for example, the HS-DSCH may support up to 5
Mbit/s per sector per carrier, or 1 bit/s/Hz/cell.

FIG. 2A 1s a block diagram of an exemplary two-transmit
(2-Tx) and two-receive (2-Rx) antennas wireless communi-
cation system with receirver channel estimation, 1n accor-
dance with an embodiment of the invention. Referring to FIG.

2A, the wireless communication system 200 may comprise a
dedicated physical channel (DPCH) block 226, a plurality of

mixers 228, 230 and 232, a first combiner 234, a second
combiner 236, a {irst transmit antenna (I'x_1) 238, an addi-
tional transmait antenna (ITx_2) 240, a first receive antenna
(Rx_1) 206, and an additional receive antenna (Rx_2) 208.
The wireless communication system 200 may further com-
prise a mixer 210, an adder 212, an RF block 214, a chip
matching filter (CMF) 216, a cluster path processor (CPP)
218, a baseband (BB) processor 220, a single weight base-
band generator (SWBBG) 221, a single weight generator
(SWG) channel estimator 222, and a SWG algorithm block
224,

The DPCH 226 may comprise suitable logic, circuitry,
and/or code that may be adapted to receive a plurality of input
channels, for example, a dedicated physical control channel
(DPCCH) and a dedicated physical data channel (DPDCH).
The DPCH 226 may be adapted to simultaneously control the
power on each of the DPCCH and DPDCH channels. The
mixer 228 may comprise suitable logic and/or circuitry that
may be adapted to multiply the output of DPCH 226 with a
spread and/or scramble signal to generate a spread complex-
valued signal that may be transferred to the inputs of the
mixers 230 and 232.

The mixers 230 and 232 may comprise suitable logic and/
or circuitry that may be adapted to multiply the spread com-
plex-valued signal from the mixer 228 by the closed loop 1
(CL1) and closed loop 2 (CL2) transmit diversity weight
factors W, and W, respectively. Closed loop transmait diver-
sity may be described in the 3% Generation Project Partner-

ship (3GPP), Technical Specification Group Radio Access
Network, Physical Layer Procedures (FDD), Release 6
(3GPP TS 25.214V3.5.0, 2003-06). For example, the weight

factors W, and W, may correspond to phase and/or amplitude
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component feedback adjustments that may be generated by
the receiver based on the type of space-time coding that 1s
used. This approach may correspond to, for example, closed
loop transmit diversity as currently being used in WCDMA..
In this regard, a closed loop processing block may be utilized
to transfer the weight factors or parameters that correspond to
those weight factors to the transmitter via an uplink feedback
Process.

The output of the mixer 230 may be transierred to the first
combiner 234 and the output of the mixer 232 may be trans-
ferred to the second combiner 236. The first and second
combiners 234 and 236 may comprise suitable logic, cir-
cuitry, and/or code that may be adapted to add or combine the
outputs generated by mixers 230 and 232 with a common
pilot channel 1 (CPICH1) signal and a common pilot channel
2 (CPICH2) signal respectively. The CPICHI1 signal and
CPICH2 signals may comprise fixed channelization code
allocation and may be utilized to measure the signal phase and
amplitude and strength of the propagation channels between
the transmit antennas and the receive antennas.

The first transmit antenna, Tx_1 238, and the additional or
second transmit antenna, Tx_2 240, may comprise suitable
hardware that may be adapted to transmit a plurality of SC
communication signals, s, from a wireless transmitter
device. The first receive antenna, Rx_1 206, and the addi-
tional or second recerve antenna, Rx_2 208, may comprise
suitable hardware that may be adapted to receive at least a
portion of the transmitted SC communication signals 1n a
wireless receiver device. For example, the receive antenna
Rx_1 206 may receive signal s,, while the receive antenna
Rx_2 208 may recerve signal s,,. The propagation channels
that corresponds to the paths taken by the SC communication
signals transmitted from the transmit antennas Tx_1 238 and
Tx_2 240 and recerved by the recerve antenna Rx_1 206 may
be represented by h,, and h, respectively. In this regard, h,,
and h,, may represent the actual time varying impulse
responses of the radio frequency (RF) paths taken by the SC
communication signals transmitted from the transmit anten-
nas Tx_1 238 and Tx_2 240 and received by the receive
antenna Rx 1 206.

Similarly, the propagation channels that corresponds to the
paths taken by the SC communication signals transmitted
from the transmit antennas Tx 1 238 and Tx 2 240 and
received by the recerve antenna Rx_2 208 may be represented
by h,, and h,, respectively. In this regard, h,, and h,, may
represent the actual time varying impulse responses of the RF
paths taken by the SC communication signals transmitted
from the transmit antennas Tx 1 238 and Tx 2 240 and
received by the recerve antenna Rx_2 208. In some instances,
a wireless transmitter device comprising a single transmait
antenna may be adapted to periodically transmit calibration
and/or pilot signal that may be utilized by a 2-Rx antennas
wireless receiver device to determine estimates of h,,, h,,,
h,,, and h,,. The 2-Tx and 2-Rx antennas wireless commu-
nication system 200 in FIG. 2A may represent a MIMO
communication system whereby the diversity gain may be
increased for the transmitted data.

The mixer 210 may comprise suitable logic and/or cir-
cuitry that may be adapted to operate as a complex multiplier
that may modify the amplitude and/or phase of the portion of
the SC communication signals received by the receive
antenna Rx_2 208 via a rotation waveform & provided by
the SWBBG 121, where w, =2zt and {, 1s the rotation fre-
quency. In this regard, a channel weight comprising an ampli-
tude component and phase component may be provided by
the SWBBG 221 for modifying the signal received by the

receive antenna Rx_2 208 to achieve channel orthogonality
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between the receive antenna Rx 1 206 and the receive
antenna Rx_2 208. In some implementations, the mixer 210
may comprise an amplifier and a phase shifter, for example.

Through the achieved channel orthogonality, estimates of

h,,,h,,,h,,,and h,, may be determined by the SWG channel
estimator 222 in the SWBBG 221. The h,,, h,,, h,,,and h,,
estimates may be utilized by the SWG algorithm block 224 to
determine an optimum amplitude A and phase ¢ that modity
signals recerved by the recerve antenna Rx_2 208 via mixer
210 so that the recerver signal-to-interference-and-noise ratio
(SINR) 1s maximized. In some instances, instead of utilizing
the rotation waveform € to achieve the channel orthogo-
nality between the recetve antenna Rx_1 106 and the receive
antenna Rx_2 108, square or triangular waveforms may be
also utilized. Moreover, waveforms representing different
orthogonal codes may also be utilized, similar to the CDMA
orthogonal codes with the same spreading.
In some instances, the output of the mixer 210 may be
transierred to a bandpass filter, a low noise amplifier (LNA),
and/or a phase shifter for further processing of the recerved
signals. The adder 212 may comprise suitable hardware,
logic, and/or circuitry that may be adapted to add the output of
the recerve antenna Rx_1 206 and the output of the mixer 210
to generate a combined recerved SC communication signal,
SRC. In some 1nstances, bringing the output signals of the
receive antenna Rx_1 206 and the mixer 210 together into a
single electrical connection may provide the functionality of
the adder 212. Notwithstanding, an output of the adder 212
may be transierred to the RF block 214 for further processing
of the combined received SC communication signal, SRC.

The RF block 214 may comprise suitable logic and/or
circuitry that may be adapted to process the combined
received SC communication signal, SRC. The RF block 214
may perform, for example, filtering, amplification, and/or
analog-to-digital (A/D) conversion operations. The BB pro-
cessor 220 may comprise suitable logic, circuitry, and/or code
that may be adapted to determine a first baseband combined
channel estimate, h,, which may comprise information
regarding propagation channels h,, and h,,. The BB proces-
sor 220 may also be adapted to process the output of the RF
block 214 to determine a second baseband combined channel
estimate, h,, which may comprise information regarding
propagation channels h, , and h,,. The BB processor 220 may
also be adapted to determine an estimate of the transmitted SC
communication signals, S..

The CMF 216 may comprise suitable logic, circuitry, and/
or code that may be adapted to operate as a matched-filter on
the digital output from the RF block 214. The output of the
CMF 216 may be transierred, for example, to the CPP 218
and/or to the BB processor 220 for further processing. The
CPP 218 may comprise suitable logic, circuitry, and/or code
that may be adapted to process the filtered output of the CMF
216 to determine a first baseband combined channel estimate,
h,, which may comprise information regarding propagation
channels h,, and h,,. The CPP 218 may also be adapted to
process the filtered output of the CMF 216 to determine a
second baseband combined channel estimate, h,, which may
comprise 1nformation regarding propagation channels h,,
and h,,. In this regard, the CPP 218 may process the recerved
signals in clusters. U.S. application Ser. No. 11/173,854 pro-
vides a detailed description of signal clusters and 1s hereby
incorporated herein by reference in 1ts entirety. The CPP 218
may also be adapted to generate a lock indicator signal that
may be utilized by, for example, the BB processor 220 as an
indication of whether the channel estimates are valid. The BB
processor 220 may comprise suitable logic, circuitry, and/or
code that may be adapted to digitally process the filtered

5

10

15

20

25

30

35

40

45

50

55

60

65

12

output of the CMF 216 to determine an estimate of the trans-
mitted SC communication signals, S.-

The SWBBG 221 may comprise suitable logic, circuitry,
and/or code that may be adapted to receive the first and second
baseband combined channel estimates, h, and h,, from the
BB processor 220 and generate phase and amplitude compo-
nents of the rotation wavetorm to be applied by the mixer 210
to modily the portion of the SC communication signals
recetved by the recetve antenna Rx_2 208, s,,. The SWG
channel estimator 222 may comprise suitable logic, circuitry,
and/or code that may be adapted to process the first and
second baseband combined channel estimates, h, and h,,
generated by the BB processor 220 and may determine a
matrix H,_, of propagation channel estimates R, , fi, ., i, .
and h,., which correspond to estimates of a matrix H,. ., of
time varying impulse responses h,, h, 5, h,,, and h,, respec-
tively. The SWG algorithm block 224 may comprise suitable
logic, circuitry, and/or code that may be adapted to determine
a channel weight to be transferred to the mixer 210 to modity
the signal s, so that the recerver SINR 1s maximized. The
channel weight to be transterred to the mixer 210 may refer to
aphase, ¢, and amplitude, A, that results in a maximum SINR.
Moreover, the SWG algorithm block 224 may be adapted to
generate the weight factors W, and W, joint or concurrently
with the channel weight for the mixer 210.

FIG. 2B 1s a block diagram of an exemplary two-transmit
(2-Tx) and multiple-receive (M-Rx) antennas wireless com-
munication system with recerver channel estimation, in
accordance with an embodiment of the invention. Referring
to FIG. 2B, the wireless communication system 250 may
differ from the wireless communication system 200 in FIG.
2A 1n that (M-1) additional receive antennas Rx_2 208 to
Rx_M 209, and (M-1) mixers 210 to 211 may be utilized,
where M 1s the total number of receive antennas 1n the wire-
less recerver.

The propagation channels that correspond to the paths
taken by the SC communication signals transmitted from the
transmit antennas Tx_1 238 and Tx_2 240 and received by the
receive antennas Rx_1 206 to Rx_M 209 may be represented
by an Mx2 matrix, H, . ,. The matrix H, . , may comprise
propagation channels h, ; toh, ,, andh,, toh, .. In this regard,
h,, to h,, may represent the time varying impulse responses
of the RF paths taken by the portion of the transmitted SC
communication signals transmitted by transmit antenna Tx_1
238 and received by the recerve antennas Rx_1 206 to Rx_M
209 respectively. Stmilarly, h, , to h, ., may represent the time
varying impulse responses of the RF paths taken by the por-
tion of the transmitted SC communication signals transmitted
by transmit antenna Tx_2 240 and received by the receive
antennas Rx_1 206 to Rx_M 209 respectively. In some
instances, a wireless transmitter device comprising a first and
a second transmit antenna may be adapted to periodically
transmit calibration and/or pilot signals that may be utilized
by an M-Rx antenna wireless receiver device to determine
estimates of h,, to h,,, and h,, to h, . The 2-Tx and M-Rx
antennas wireless communication system 250 1n FIG. 2B may
represent a MIMO communication system whereby the diver-
sity gain may be increased for the transmitted data.

The mixers 210 to 211 may comprise suitable logic and/or
circuitry that may be adapted to operate as a complex multi-
plier that may modily the phase of the portion of the SC
communication signals received by the recerve antennas
Rx 2 208 to Rx M 209 via a rotation waveforms & to
e/ where w,,=2nf,, and £, is the rotation frequency that
preserves the orthogonality of the receirved signals at the
multiple recerving antennas Rx_1 206 to Rx_M 209. The
rotation frequency that preserves the signal orthogonality at
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the recerving antennas may be selected as 1 ,=ki, where k=1,
2,3, ..., M-1. Other rotation waveforms such as triangular
or square wavelorms may be utilized with the same frequency
relationships. In addition, waveforms representing different
orthogonal codes of the same frequency may be utilized,
similar to the CDMA orthogonal codes with the same spread-
ing. In this regard, the following exemplary sequences may be
utilized: the first recerve antenna Rx_1 206 may utilize the
sequence |1 11 1], the second receive antenna Rx_2 208 may
utilize the sequence [-1 -1 1 1], a third receive antenna
(Rx_3)may utilize the sequence [-1 1 -1 1], and so on. In this
embodiment, ¢* is used as an exemplary waveform.

The channel weights comprising phase components for the
rotation waveforms may be provided by the SWBBG 221 for
modifying the signals received by the recerve antennas Rx_2
208 to Rx_M 209 to achieve channel orthogonality between
the receive antenna Rx 1 206 and the receive antennas Rx_ 2
208 to Rx_M 209. In some 1nstances, the output of the mixers
210to 211 may be transierred to a bandpass filter and/or a low
noise amplifier (LNA) for further processing of the received
signals. The adder 212 may comprise suitable hardware,
logic, and/or circuitry that may be adapted to add the output of
the receive antenna Rx_1 206 with the output of the mixers
210 to 211 to generate a combined received SC communica-
tion signal, SRC, or gain balanced point. In some instances,
bringing the output signals of the receive antenna Rx_1 206
and the mixers 210 to 211 together into a single electrical
connection may provide the functionality of the adder 212.
Notwithstanding, an output of the adder 212 may be trans-
ferred to the RF block 214 for further processing of the
combined received SC communication signal, s,

The CPP 218 1n FIG. 2B may be adapted to determine a first
baseband combined channel estimate, h,, which may com-
prise information regarding propagation channelsh,, toh, .
For example, a portion of h, may comprise information
regarding the propagation channels between the transmit
antenna Tx 1 238 and the receive antennas Rx 1 206 and
Rx_2 208, thatis, h,, and h,,, while another portion of h, may
comprise nformation regarding the propagation channels
between the transmit antenna Tx 1 238 and the receive anten-
nas Rx_1206 and Rx_M 209, that1s, h,, and h, ,,. The actual
time varying impulse responses h,, to h,, may comprise
multiple propagation paths arriving at different time delays.

The CPP 218 in FIG. 2B may also be adapted to determine
a second baseband combined channel estimate, h,, which
may comprise information regarding propagation channels
h,, toh, . For example, a portion of h, may comprise infor-
mation regarding the propagation channels between the trans-
mit antenna Tx_ 2 240 and the receive antennas Rx 1206 and
Rx_2 208, thatis, h,, and h,,, while another portion of h, may
comprise information regarding the propagation channels
between the transmit antenna Tx 2 240 and the receive anten-
nas Rx_1206 and Rx_M 209, that1s, h,, and h, ,,. The actual
time varying impulse responses h,, to h,, may comprise
multiple propagation paths arriving at different time delays.
The combined channel estimates may be determined, that 1s,
may be separated, in the CPP 218 utilizing the orthogonal
relationship between the common pilot signals CPICH1 and
CPICH2 that may be transmitted by the antennas Tx_1 238
and Tx_2 240, respectively.

The SWG channel estimator 222 i FIG. 2B may be
adapted to process the first and second baseband combined
channel estimates, h, and h,, determined by the CPP 218 and
may determine a matrix H, .., of propagation channel esti-
mates h,, to h,,, and h,, to h,,,, which correspond to esti-
mates of the matrix H, ..., of time varying impulse responses
h,, to h,, and h,, to h,,,, respectively. The SWG algorithm
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block 224 may utilize the contents of the matrix IZIMM to
determine (M-1) channel weights to be applied to the mixers
210 to 211 to modily the portions of the transmitted SC

communication signals received by the additional recerve
antennas Rx 2 208 to Rx M 209 so that the recerver SINR 15
maximized, for example. The (M-1) channel weights may
comprise amplitude and phase components, A, to A, ,, and
¢, to §,, ,, for example. Moreover, the SWG algorithm block
224 may be adapted to generate the weight factors W, and W,
joint or concurrently with the (M-1) channel weights.

FIG. 3A 1s a flow diagram 1llustrating exemplary steps for
channel estimation 1 a 2-Tx and M-Rx antennas wireless
communication system, in accordance with an embodiment
of the mmvention. Referring to FIG. 3 A, after start step 302, 1n
step 304, the SC communication signals, s, may be trans-
mitted from the transmit antennas Tx 1238 and Tx 2 240 in
FIG. 2B. In step 306, the first and additional receive antennas,
Rx_1 206 to Rx_M 209, may receive a portion of the trans-
mitted SC commumication signals. In step 308, the signals
received by the additional receive antennas Rx_1 206 to
Rx_M 209 may be multiplied by, for example, rotation wave-
forms, such as sine, square, or triangular wavetforms for
example, 1n the mixers 210 to 211 1n FIG. 2B. In this regard.,
the rotation wavetorms may have a given set of amplitude and
phase component values. In step 310, the output of the receive
antenna Rx_1 206 and the output of the mixers 210 to 211
associated with the additional receive antennas Rx_ 2 208 to
Rx_M 209 may be added or combined into the recerved SC
communication signal, s,.~. The combination may occur 1n
the adder 212, for example.

In step 312, the CPP 218 may determine the first and

second baseband combined channel estimates, h, and h,,
which comprise information regarding propagation channels
h,, to h,,, and h,, to h,,. In step 314, the SWG channel
estimator 222 in the SWBBG 221 may determine the matrix
H, .., of propagation channel estimates h,, toh,,, and h,, to

h, . In this regard, the propagation channel estimates h, , to
h,, and h,, to h,,, may be determined concurrently.

In step 316, the (M-1) maximum SNIR channel weights
that comprise amplitude and phase components, A, to A,
and ¢, to ¢,,,, may be generated concurrently. The weight
factors W, and/or W, 1n FIG. 2B may be generated concur-
rently with the (M-1) maximum SNIR channel weights. In
some 1nstances, the channel weights may be based on the
propagation channel estimates determined after the weight
factors W, and W, to the transmitter. In step 318, additional
SC commumnication signals recerved may be phase and ampli-
tude adjusted based on the maximum SNIR channel weights
applied to the mixers 210 to 211. The channel estimation
phase rotation and the maximum SINR phase/amplitude
adjustment described 1n flow chart 300 may be performed
continuously or may be performed periodically. In this
regard, F1G. 3B illustrates an exemplary periodic phase rota-
tion for an in-phase (1) signal recerved 1n one of the additional
recelve antennas, 1n accordance with an embodiment of the
invention.

FIG. 4A 15 a block diagram of an exemplary single weight
baseband generator (SWBBG) that may be utilized 1n a 2-Tx
and 2-Rx antennas system, in accordance with an embodi-
ment ol the invention. Referring to FIG. 4 A, areceiver system
400 may comprise a first receive antenna (Rx_1) 402, an
additional receive antenna (Rx_2) 404, an adder 406, a mixer
408, and a single weight baseband generator (SWBBG) 410.
The SWBBG 410 may comprise a phase rotator start control-
ler 414, a delay block 416, a single weight generator (SWG)
channel estimator 418, an SWG algorithm block 420, and an
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RF phase and amplitude controller 412. The SWBBG 410
may represent an exemplary implementation of the SWBBG
221 1n FIG. 2B.

The first receive antenna, Rx_1 402, and the additional or
second receive antenna, Rx_2 404, may comprise suitable
hardware that may be adapted to receive at least a portion of
transmitted SC communication signals 1n the recerver system
400. For example, the recerve antenna Rx_1 402 may recerve
a signal s, while the receive antenna Rx_2 404 may receive
a signal s,,. The mixer 408 may correspond to, for example,
the mixer 210 1n FIG. 2B. In some instances, the output of the
mixer 308 may be communicated to a bandpass filter and/or a
low noise amplifier (LNA) for further processing of the
received signals.

The adder 406 may comprise suitable hardware, logic,
and/or circuitry that may be adapted to add the output of the
receive antenna Rx_1 402 and the output of the mixer 408 to
generate a combined recerved SC communication signal, s, .
In some instances, bringing the output signals of the receive
antenna Rx_1 402 and the mixer 408 together into a single
clectrical connection may provide the functionality of the
adder 406. The output of the adder 406 may be transterred to
additional processing blocks for RF and baseband processing
ol the combined recerved SC communication signal, s, -

The phase rotator and start controller 414 may comprise
suitable logic, circuitry, and/or code that may be adapted to
control portions of the operation of the RF phase and ampli-
tude controller 412 and to control the delay block 416. The
phase rotator and start controller 414 may receive a signal,
such as a reset signal, from, for example, the BB processor
220 1n FIG. 2B, or from firmware operating 1n a processor, to
indicate the start of operations that determine the propagation
channel estimates and/or the channel weight to apply to the
mixer 408. The delay block 416 may comprise suitable logic,
circuitry, and/or code that may be adapted to provide a time
delay to compensate for the RF/modem delay. The delay may
be applied 1n order to compensate for the interval of time that
may occur between receiving the combined channel esti-
mates, h, and h,, modified by the rotation waveform and the
actual rotating waveform at the mixer 408.

The SWG channel estimator 418 may comprise suitable
logic, circuitry, and/or code that may be adapted to process
the first and second baseband combined channel estimates, h,
and h,, and determine the matrix H, ., of propagation channel
estimates h,,, h,,, h,,, and h,,. The SWG channel estimator
418 may also be adapted to generate an algorithm start signal
to the SWG algorithm block 420 to indicate that the propa-
gation channel estimates h,,, h,,, h,,, and h,, are available
for processing. In this regard, the algorithm start signal may
be asserted when integration operations performed by the
SWG channel estimator 418 have completed.

The SWG algorithm block 420 may comprise suitable
logic, circuitry, and/or code that may be adapted to determine
a channel weight to be transferred to the mixer 408 via the RF
phase and amplitude controller 412 to modity the signal s ..
The channel weight to be transierred to the mixer 408 may
refer to the phase, ¢, and amplitude, A. The channel weight
may be based on the propagation channel estimates h, ,, h,,
h,,, and h,, and on additional information such as noise
power estimates and interference propagation channel esti-
mates, for example. The SWG algorithm block 420 may also
be adapted to generate an algorithm end signal to indicate to
the RF phase and amplitude controller 412 that the channel
weilght has been determined and that it may be applied to the
mixer 408. The SWG algorithm block 420 in FIG. 4A may

also be adapted to determine the weight factors W, and W,.
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The channel weights and the weight factors W, and W, may
be calculated jointly to maximize the receiver SINR, for
example.

The RF phase and amplitude controller 412 may comprise
suitable logic, circuitry, and/or code that may be adapted to
apply the rotation waveform ¢ to the mixer 408. When
phase and amplitude components, A and ¢, that correspond to
the channel weight determined by the SWG algorithm block
420 are available, the RF phase and amplitude controller 412
may apply amplitude A and phase ¢ to the mixer 408. In this
regard, the RF phase and amplitude controller 412 may apply
the rotation wavetorm or the amplitude and phase compo-
nents 1n accordance with the control signals provided by the
phase rotator start controller 414 and/or the algorithm end
signal generated by the SWG algorithm block 420.

The phase rotation operation performed on the s, signal 1n
the additional receive antenna Rx_2 404 may be continuous
or periodic. A continuous rotation of the s, signal may be
perceived by a wireless modem as a high Doppler, and for
some modem i1mplementations this may decrease the
modem’s performance. When a periodic rotation operation 1s
utilized 1nstead, the period between consecutive phase rota-
tions may depend on the Doppler frequency perceived by the
wireless modem. For example, 1n a higher Doppler operation,
it may be necessary to perform more frequent channel esti-
mation while 1n a lower Doppler operation, channel estima-
tion may be less frequent. The signal rotation period may also
depend on the desired wireless modem performance and the
accuracy ol the propagation channel estimation. For example,
when the Doppler frequency 1s 5 Hz, the period between
consecutive rotations may be 5o sec., that 1s, 10 rotations or
channel estimations per signal fade.

FIG. 4B 1s a block diagram of an exemplary single weight
baseband generator (SWBBG) that may be utilized 1n a 2-Tx
and M-Rx antennas system, 1in accordance with an embodi-
ment of the invention. Referring to FIG. 4B, a receiver system
430 may differ from the recerver system 400 1n FIG. 4 A in that
(M-1) additional recerve antennas, Rx_2 404 to Rx_M 405,
and (M-1) mixers 408 to 409 may be utilized. In this regard,
the SWG channel estimator 418 may be adapted to process
the first and second baseband combined channel estimates, h,
and fi,, and determine the matrix H,,_, of propagation chan-
nel estimates h,, toh,,, and h,, to h, .

The SWG algonthm block 420 may also be adapted to
determine (M-1) channel weights, that may be utilized to
maximize recerver SINR, for example, to be applied to the
mixers 408 to 409 to modily the portions of the transmitted
SC communication signals recerved by the additional receive
antennas Rx_2 404 to Rx_M 405. The (M-1) channel weights
may comprise amplitude and phase components, A, to A, .,
and ¢, to ¢, ,. The SWG algorithm block4201n FIG. 4B may
also be adapted to determine the weight factors W, and W,
that may be applied to the mixers 230 and 232 1n FIG. 2B. The
channel weights and the weight factors W, and W, may be
calculated jointly to maximize the receiver SINR, {for
example.

The RF phase and amplitude controller 412 may also be
adapted to apply rotation waveforms ™ to & or phase
and amplitude components, A, to A, ., and ¢, to ¢, ,, to the
mixers 408 to 409. In this regard, the RF phase and amplitude
controller 312 may apply the rotation wavelorms or the
amplitude and phase components 1n accordance with the con-
trol signals provided by the phase rotator start controller 414
and/or the algorithm end signal generated by the SWG algo-
rithm block 420.

FIG. 4C 15 a block diagram of an exemplary RF phase and
amplitude controller, 1n accordance with an embodiment of
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the invention. Referring to FIG. 4C, the RF phase and ampli-
tude controller 412 may comprise a switch 440, a plurality of
rotation wavetform sources 442, and a plurality of SWG algo-
rithm weights 444. The switch 440 may comprise suitable
hardware, logic, and/or circuitry that may be adapted to select
between the rotation waveforms ¢ to & ®" and the SWG
algorithm determined weights A, e’ to A, ,&/®1. The rota-
tion wavelform sources 442 may comprise suitable hardware,
logic and/or circuitry that may be adapted to generate the
signal &"*, where w_,=2nf , and f , is the rotation frequency
that preserves the orthogonality of the recerved signals at the
recetve antennas Rx 2 402 to Rx M 405 in FIG. 4B, for
example. The rotation frequency that preserves the signal
orthogonality at the receiving antennas may be selected as
w_.=kw_where k=1, 2, .. ., M-1. Other rotation waveforms
such as triangular or square waveforms may be utilized with
the same frequency relationships. Moreover, waveiforms rep-
resenting different orthogonal codes of the same frequency
may also be utilized, similar to the CDMA orthogonal codes
with the same spreading. In this embodiment, the signal &**
may be utilized as an exemplary wavelform. The plurality of
SWG algorithm weights 344 may comprise suitable hard-
ware, logic, and/or circuitry that may be adapted to generate
the signals A, e/ to A, , &/ from the amplitude and phase
components, A, to A, ., and ¢, to ¢,,., respectively.

In operation, the RF phase and amplitude controller 412
may apply the signals ¢""" to &/""#" to the mixers 408 to 409
in FIG. 4B based on control information provided by the
phase rotator start controller 414. The switch 440 may select
the rotation wavetorm sources 442 based on the control infor-
mation provided by the phase rotator start controller 414.
Once the channel weights are determined by the SWG algo-
rithm block 420 and the phase and amplitude components
have been transferred to the RF phase and amplitude control-
ler 412, the algorithm end signal may be utilized to change the
selection of the switch 440. In this regard, the switch 440 may
be utilized to select and apply the signals A,/ to A, , &/
to the mixers 408 to 409 in FI1G. 4B.

FIG. 5 15 a flow diagram 1llustrating exemplary steps in the
operation of the single weight baseband generator (SWBBG)
that may be utilized for channel weight generation 1 a 2-Tx
and M-Rx antennas system, 1n accordance with an embodi-
ment of the invention. Referring to FI1G. 5, after start step 502,
in step 504, the phase rotator start controller 414 1n FIG. 4B
may recerve the reset signal to 1nitiate operations for deter-
mimng propagation channel estimates and channel weights in
the SWBBG 410. The phase rotator start controller 414 may
generate control signals to the delay block 416 and to the RF
phase and amplitude controller 412. The control signals to the
delay block 416 may be utilized to determine a delay time to
be applied by the delay block 416. The control signals to the
RF phase and amplitude controller 412 may be utilized to
determine when to apply the rotation wavetforms that have
been modified by the channel weights to the mixers 408 to
409.

In step 506, the RF phase and amplitude controller 412 may
apply rotation waveforms, such as those provided by the
rotation waveform sources 442 in FIG. 4C, to the mixers 408
to 409 1n F1G. 4B. In step 508, the delay block 416 may apply
a time delay signal to the SWG channel estimator 418 to
reflect the interval of time that may occur between recerving,
the SC communication signals and when the first and second
baseband combined channel estimates, h, and h,, are avail-
able to the SWG channel estimator 418. For example, the time
delay signal may be utilized as an enable signal to the SWG
channel estimator 418, where the assertion of the time delay
signal 1itiates operations for determining propagation chan-
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nel estimates. In step 510, the SWG channel estimator 418
may process the first and second baseband combined channel
estimates, h, and h,, and may determine the matrix H, ..., of
propagation channel estimates h,, toh,,, and h,, toh, ,,. The
SWG channel estimator 418 may transier the propagation
channel estimates h,, to h,,, and h,, to h,,, to the SWG
algorithm block 420. In step 512, the SWG channel estimator
418 may generate the algorithm start signal and may assert the
signal to indicate to the SWG algorithm block 420 that 1t may
initiate operations for determiming channel weights.

In step 514, the SWG algorithm block 420 may determine
the channel weights comprising phase and amplitude compo-
nents, A, to A,,, and ¢, to ¢,,,, based on the propagation
channel estimates h,, to h,,, and h,, to h, ., and/or noise
power estimates, for example. The SWG algorithm block 420
may transier the channel weights to the RF phase and ampli-
tude controller 412. In some instances, the SWG algorithm
block 420 may also generate the weight factors W, and/or W,
In step 516, the SWG algorithm block 420 may generate the
algorithm end signal to indicate to the RF phase and ampli-
tude controller 412 that the channel weights are available to
be applied to the mixers 408 to 409. In step 518, the RF phase
and amplitude controller 412 may apply the rotation wave-
forms with phase and amplitude components, A, to A, ., and
¢, 10 ¢, ,, t0 the mixers 408 to 409, in accordance with the
control signals provided by the phase rotator start controller
414.

In step 520, the recerver system 430 1n FIG. 4B may deter-
mine whether the phase rotation operation on the received SC
communication signals 1s periodic. When the phase rotation
operation 1s not periodic but continuous, the process may
proceed to step 508 where a delay may be applied to the SWG
channel estimator 418. In 1nstances when the phase rotation
operation 1s periodic, the process may proceed to step 522
where the receiver system 430 may wait until the next phase
rotation operation 1s mitiated by the reset signal. In this
regard, the process control may proceed to step 504 upon
assertion o the reset signal to the phase rotator start controller
414.

FIG. 6 1s a block diagram of an exemplary channel estima-
tor for a 2-Tx and 2-Rx antennas system, 1n accordance with
an embodiment of the invention. Referring to FIG. 6, the
SWG channel estimator 418 1in FIG. 4A utilized 1n, for
example, a 2-TX and 2-Rx antenna system may comprise a
first channel estimator block 601 and a second channel esti-
mator block 603. The first channel estimator block 601 may
comprise a phase rotator 602, a mixer 606, a first integrator
604, and a second integrator 608. The second channel esti-
mator block 603 may also comprise a phase rotator 602, a
mixer 606, a first integrator 604, and a second integrator 608.
The phase rotator 602 may comprise suitable logic, circuitry,
and/or code that may be adapted to generate a complex con-
jugate of the rotation waveform ™. The first integrator 604
and the second integrator 608 may comprise suitable logic,
circuitry, and/or code that may be adapted to integrate an
input signal over a 360-degree phase rotation period.

The accuracy and/or time of the integration may vary and
may be selected by the SWGGB 410 1n FIG. 4A. The mixer
606 may comprise suitable logic and/or circuitry that may be
adapted to multiply the rotation waveform complex conjugate
and a baseband combined channel estimate. For example, the
mixer 606 in the first channel estimator block 601 and the
mixer 606 1n the second channel estimator block 603 may
multiply, respectively, the first and second baseband com-
bined channel estimates, hh, and B, where h,=hh, ,+¢*""h,,
and h,=h,.+e¢""h,,, with the rotation waveform complex
conjugate.




US 7,885,288 B2

19

In operation, the delay signal from the delay block 416 may
indicate to the phase rotator 602, the first integrator 604,
and/or the second 1ntegrator 608 when to start operations for
determining the propagation channel estimates. After the
delay signal 1s asserted, the second integrator 608 may receive
the baseband combined channel estimate and may integrate
the baseband combined channel estimate over a 360-degree
phase rotation period. The integration time may be selected
based on channel estimation accuracy and required modem
performance. A longer integration time may result 1n more
accurate channel estimates. The second integrator 608 1n the
first channel estimator block 601 and the second integrator
608 1n the second channel estimator block 603 may deter-
mine, respectively, the propagation channel estimates h, , and
h,, by determining the expectation values of h, and h, as
follows:

B =Efh+€"" By J=h +E[E R, ],
and

io=E R+ Ry J=h o+ E[e"Hys,

where E[¢""h,,] and E[¢/"""h,,] over a full 360-degree rota-
tion period are equal to zero. In this regard, channel estimates
h,, and h,, may referred to as first channel estimates because
they correspond to propagation channels related to a first
transmit antenna.

After the delay signal 1s asserted, the first integrator 604 1n
the first channel estimator block 601 and the first integrator
604 1n the second channel estimator block 603 may receive,
respectively, the signals e”"’h, and e”"h,,. The first integra-
tor 604 in the first channel estimator block 601 and the first
integrator 604 1n the second channel estimator block 603 may
determine, respectively, the channel estimates h,, and h,, by
determining the expectation values of e, and e7"""h, as

follows:

fio, =Efe" R\ J=E[e7"" (B +&"h, )=E[e 7" h | |+
By J=E[e7""h, 11+ 1,

and

firs=E[e7" Fo ] =E [e 7 (B y+€ " Fiy ) |=Efe 7 H 5, +
Voo J=E e R 5] +Hss

where E[e”"R,,] and E[e”""h,,] over a full 360-degree
rotation period 1s equal to zero. In this regard, channel esti-
mates h,, and h,, may referred to as second channel estimates
because they correspond to propagation channels related to a

second transmit antenna.

The channel estimation operations performed by the SWG
channel estimator 418 may be extended to cases where M
receive antennas result 1n a first and second baseband com-
bined channel estimates, h, and h,, which comprise informa-
tion regarding propagation channelsh, , toh,,, andh,,toh,
In that case, a plurality of channel estimator blocks may be
utilized to determine the matrix H, ,_, of propagation channel
estimates h,, toh,,, andh,, toh, .,

FIG. 7 1s a flow diagram illustrating exemplary steps for
channel estimation based on complex multiplication and 1nte-
gration of a first and second baseband combined channel
estimates, 1n accordance with an embodiment of the inven-
tion. Referring to FI1G. 7, after start step 702, 1n step 704, the
integration time and/or integration resolution may be selected
tor the first and second integrators 1n FI1G. 6. For example, the
SWBBG 221 1n FIG. 2A may select the integration time. In
step 706, the delay signal may be asserted to initiate the
operations performed by the phase rotator 602, the first inte-
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grator 604, and the second integrator 608. The phase rotator
602 may generate a complex conjugate of the rotation wave-
form ™. In step 708, the first and second baseband com-
bined channel estimates, h, and h,, may be transferred to the
second integrator 608 and to the mixer 606 for processing. In
step 710, the baseband combined channel estimates, h, and
h,, may be multiplied by the complex conjugate of the rota-
tion waveform e,

In step 712, integration over a 360-degree phase rotation
period may be performed 1n the first integrator 604 and the
second integrator 608 to determine propagation channel esti-
mates h,, and h,, and h,, and h,, respectively. In step 714,
alfter the propagation channel estimates have been deter-
mined, the SWG channel estimator 418 in FIG. 4A may
generate the algorithm start signal to indicate to the SWG
algorithm block 420 that the propagation channel estimates
are available. The SWG algorithm block 420 may start opera-
tions for determining channel weights when the algorithm
start signal 1s asserted. In step 716, the SWG algorithm block
420 may generate channel weights based on the propagation

channel estimates. The channel weights may be applied to the
additional or second receive antenna.

In step 718, the recerver system 400 1n FIG. 4 A may deter-
mine whether the phase rotation operation on the recerved SC
communication signals 1s periodic. When the phase rotation
1s not periodic but continuous, control may proceed to step
708 where the next set of first and second baseband combined
channel estimates, h, and h,, from the CPP 218 in FIG. 2A
may be available for channel estimation. When the phase
rotation 1s periodic, control may proceed to step 720 where
the SWG channel estimator 418 may wait until the delay
signal 1s asserted to initiate the operations performed by the
phase rotator 602, the first integrator 604, and the second
integrator 608. In this regard, control may proceed to step 706
upon the assertion of the reset signal to the phase rotator start
controller 414 and the generation of the control signals to the

delay block 416.

The channel estimation operations described in FIG. 7 may
be extended to cases where M recerve antennas result 1n a first
and second baseband combined channel estimates, h, and h.,,
which comprise information regarding propagation channels
h,, toh,, and h,, to h,,,. In that case, a plurality of channel
estimator blocks may be utilized to determine the matrix
H,,. ., of propagation channel estimates R, , to i, ,, and R, , to

h, .

In an embodiment of the invention, a machine-readable
storage may be provided, having stored thereon, a computer
program having at least one code section executable by a
machine, thereby causing the machine to perform the steps

for achieving channel estimation in a SC MIMO system com-
prising 2-1x and M-Rx antennas for WCDMA/HSDPA.

The method and system for channel estimation in a single
channel (SC) multiple-input multiple-output (MIMO) system
described herein allows for a fast and cost effective approach
to concurrently determine propagation channel estimates in a

two-transmit (2-Tx) and multiple-recerve (M-Rx) antennas
wireless communication system for WCDMA/HSDPA.

Accordingly, the present invention may be realized 1n hard-
ware, soltware, or a combination of hardware and software.
The present invention may be realized 1n a centralized fashion
in at least one computer system, or 1n a distributed fashion
where different elements are spread across several intercon-
nected computer systems. Any kind of computer system or
other apparatus adapted for carrying out the methods
described herein 1s suited. A typical combination of hardware
and software may be a general-purpose computer system with
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a computer program that, when being loaded and executed,
controls the computer system such that it carries out the
methods described herein.

The present invention may also be embedded 1n a computer
program product, which comprises all the features enabling
the implementation of the methods described herein, and
which when loaded 1n a computer system is able to carry out
these methods. Computer program in the present context
means any expression, 1n any language, code or notation, of a
set of 1nstructions intended to cause a system having an infor-
mation processing capability to perform a particular function
cither directly or after either or both of the following: a)
conversion to another language, code or notation; b) repro-
duction 1n a different material form.

While the present invention has been described with refer-
ence to certain embodiments, 1t will be understood by those
skilled 1n the art that various changes may be made and
equivalents may be substituted without departing from the
scope of the present invention. In addition, many modifica-
tions may be made to adapt a particular situation or material
to the teachings of the present ivention without departing,
from 1ts scope. Therefore, 1t1s intended that the present inven-
tion not be limited to the particular embodiment disclosed,
but that the present invention will include all embodiments
talling within the scope of the appended claims.

What 1s claimed 1s:

1. A method for communication, the method comprising:

generating a plurality of channel estimates for a plurality of

single channel communication signals, wherein said
plurality of single channel communication signals are
received via a first antenna and one or more other anten-
nas;

determining a plurality of channel weights that are utilized

to modily a rotation waveform based on said generated
plurality of channel estimates, wherein said modified
rotation wavetform 1s utilized to adjust said plurality of
single channel communication signals that are received
via said one or more other antennas; and

moditying said plurality of single channel communication

signals that are received via said one or more other
antennas to achieve channel orthogonality based on said
determined plurality of channel weights.

2. The method according to claim 1, comprising generating,
said plurality of channel estimates for said plurality of single
channel communication signals based on said generated first
baseband combined channel estimate and said generated sec-
ond baseband combined channel estimate.

3. The method according to claim 1, comprising multiply-
ing said recerved plurality of single channel communication
signals that are received via said one or more other antennas
by said rotation waveform.

4. The method according to claim 3, comprising combining,
said multiplied said received plurality of single channel com-
munication signals that are receirved via said one or more
other antennas and said received plurality of single channel
communication signals that are received via said first
antenna.

5. The method according to claim 1, comprising receiving,
said plurality of single channel communication signals that
are transmitted from a first transmit antenna and one or more
other antennas.

6. A system for communication, the system comprising:

one or more circuits for use 1 a communication system,
wherein said one or more circuits 1s operable to generate
a plurality of channel estimates for a plurality of single
channel communication signals, wherein said plurality
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of single channel communication signals are received
via a first antenna and one or more other antennas;

said one or more circuits 1s operable to determine a plural-
ity of channel weights that are utilized to modity a rota-
tion wavelorm based on said generated plurality of chan-
nel estimates, wherein said modified rotation wavetorm
1s utilized to adjust said plurality of single channel com-
munication signals that are received via said one or more
other antennas; and

said one or more circuits 1s operable to modify said plural-
ity of single channel communication signals that are
received via said one or more other antennas to achieve
channel orthogonality based on said determined plural-
ity of channel weights.

7. The system according to claim 6, wherein said one or
more circuits 1s operable to generate said plurality of channel
estimates for said plurality of single channel communication
signals based on said generated first baseband combined
channel estimate and said generated second baseband com-
bined channel estimate.

8. The system according to claim 6, wherein said one or
more circuits 1s operable to multiply said received plurality of
single channel communication signals that are received via
said one or more other antennas by said rotation waveform.

9. The system according to claim 8, wherein said one or
more circuits 1s operable to combine said multiplied said
received plurality of single channel communication signals
that are received via said one or more other antennas and said
received plurality of single channel communication signals
that are received via said {irst antenna.

10. The system according to claim 6, wherein said one or
more circuits 1s operable to recerve said plurality of single
channel communication signals that are transmitted from a
first transmit antenna and one or more other antennas.

11. A system for communication, the system comprising:

one or more circuits operable to recerve a plurality of single
channel (SC) communication signals transmitted from a
first transmit antenna and an additional transmait
antenna,

said one or more circuits 1s operable to multiply said
received plurality of SC communication signals 1n each
of said at least one additional receive antenna by a rota-
tion wavetorm;

said one or more circuits 1s operable to determine a plural-
ity of channel estimates based on a first baseband com-
bined channel estimate and a second baseband com-
bined channel estimate; and

said one or more circuits 1s operable to determine a plural-
ity of channel weights for modifying said rotation wave-
form in each of said at least one additional receive
antenna to achieve channel orthogonality, wherein said
determined plurality of channel weights are based on
said determined plurality of channels estimates.

12. The system according to claim 11, wherein said one or
more circuits 1s operable to combine said multiplied received
plurality of SC commumnication signals for each of said at least
one additional recerved antenna and said received plurality of
SC communication signals.

13. The system according to claim 11, wherein said one or
more circuits 1s operable to concurrently determine each of
said plurality of channel estimates.
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14. The system according to claim 11, wherein said one or
more circuits 1s operable to multiply said first baseband com-
bined channel estimate and said second baseband combined
channel estimate by a complex conjugate of said rotation
wavelform.

15. The system according to claim 14, wherein said one or
more circuits 1s operable to determine at least a second chan-
nel estimate by integrating said multiplied first baseband
combined channel estimate and said multiplied second base-

band combined channel estimate over a 360-degree rotation
period.

16. The system according to claim 11, wherein said one or
more circuits 1s operable to determine at least a first channel
estimate by integrating said first baseband combined channel
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estimate and said second baseband combined channel esti-
mate over a 360-degree rotation period.

17. The system according to claim 11, wherein said one or
more circuits 1s operable to modity said rotation waveform
continuously.

18. The system according to claim 11, wherein said one or
more circuits 1s operable to modily said rotation waveform
periodically.

19. The system according to claim 11, wherein said one or
more circuits 1s operable to select an integration time for
determining each of said plurality of channel estimates.

20. The system according to claim 11, wherein said one or
more circuits 1s operable to determine a phase and amplitude
component for each of said plurality of channel weights.
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